The complete sequence of the 3454 nt of RNA 2 of the Ahlum isolate of beet soil-borne furovirus (BSBV) has been determined starting with two short stretches of cloned cDNA. Unknown parts of the sequence were amplified by means of RT-PCR techniques using combinations of specific and random primers. BSBV RNA 2 is more similar in its genetic organization to potato mop top virus (PMTV) RNA 3 than to any other furoviral RNA, although it is more than 1100 nt longer. Its 3h-end, unlike that of PMTV RNA 3, has the potential to fold into a tRNA-like structure. It contains one large open
Introduction
Beet soil-borne furovirus (BSBV), which is widely spread in sugarbeet growing areas (see Koenig et al., 1996) , has never been obtained in a highly purified form. Studies with dsRNA preparations from infected plants suggest that its genome consists of three RNA species with sizes ranging in different strains between 6n1-6n4 kb, 3n0-3n6 kb and 2n6-3n3 kb, respectively (Hutchinson et al., 1992 ; Kaufmann et al., 1992) . Our previous attempts to obtain cDNA clones for the Ahlum isolate of BSBV, using RNA from partially purified virus preparations as a template, failed. We were able, however, to clone a number of short cDNA stretches (average size 200-300 nt) when denatured preparations of dsRNA, isolated from BSBV-infected Chenopodium quinoa leaves, were used as a template (Kaufmann et al., 1992) . Eleven of these clones served as a basis for determining the complete sequence of BSBV RNA 3 from cDNA obtained from immunocaptured virus particles and denatured preparations of dsRNA (Koenig et al., 1996) . Starting with only two short stretches of cloned BSBV RNA 2-specific cDNA consisting of 233 and 286 nt, respectively, we have now been able to determine the entire Author for correspondence : Renate Koenig.
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The nucleotide sequence reported in this paper has been submitted to GenBank and assigned the accession number U64512.
reading frame for a readthrough protein with a molecular mass of 104 kDa (104K protein) which is interrupted internally by an amber stop codon terminating the coding region for a protein of 19 kDa (19K), most likely the viral coat protein (CP). The readthrough domain of the 104K protein is much larger than that of PMTV, but the N-and Cproximal portions of these domains are similar for the two viruses. No serological relationships were found between the particles of the two viruses, although more than 50 % of the amino acid sequences of the putative CPs are identical.
3454 nt sequence of this RNA using RT-PCR techniques with random and specific primers for amplifying unknown parts of the sequence from immunocaptured virus particles and denatured preparations of dsRNA.
Methods
The Ahlum isolate of BSBV (Lesemann et al., 1989) was propagated in leaves of the local lesion host C. quinoa. RT-PCR products obtained by the immunocapture procedure or with denatured preparations of dsRNA (Koenig et al., 1995 (Koenig et al., , 1996 were purified from agarose gels using the QIAquick Gel Extraction Kit and cloned into the pT7Blue T-vector (Novagen). Nucleotide sequences were determined by means of the Sequenase DNA sequencing Kit Version 2 (United States Biochemical) using [α-$&S]dATP in the labelling reaction. Immunoelectron microscopy was done as described by Milne (1984) .
Results
Sequence analysis of BSBV RNA 2 ; strategies used for obtaining unknown portions of the sequence upstream and downstream of known ones Based on the nucleotide sequences of two short stretches of cloned BSBV RNA 2-specific cDNA (Kaufmann et al., 1992) , specific primers were designed by means of which the gap between the two sequences could be bridged using immunocapture-RT-PCR with crude sap preparations of BSBV (Koenig et al., 1996) . To amplify sequences upstream and downstream of the known parts of the sequence we followed the strategy Fig. 1 . Outline of the strategy employed for obtaining nucleotide sequences upstream and downstream of a known sequence by using RNA obtained from denatured dsRNA preparations and immunocaptured virus particles as templates for cDNA synthesis. outlined in Fig. 1 . About 30 different 20-mer oligonucleotide primers, originally obtained for other purposes, were annealed separately as random primers to plus-strand RNA from immunocaptured virus particles (to obtain cDNA to plusstrand RNA downstream of the known part of the sequence) or to RNA from denatured preparations of dsRNA (to obtain cDNA to minus-strand sequences upstream of the known sequence). The annealing was done under low stringency conditions and the annealing temperature lowered from 80 mC to room temperature over 1 h (Koenig et al., 1995) . Under these conditions cDNA synthesis started at several sites, even when only five or six 3h-terminal nt of a given primer were complementary to a certain part of the RNA sequence. Sequences upstream (5h) and downstream (3h) of the known part of the sequence were obtained by PCR with the respective random primer which had been employed for cDNA synthesis in combination with a specific antisense or sense primer, respectively (Fig. 1) . In such experiments several random primers were usually found which, together with a specific primer, yielded readily detectable PCR products which were cloned and sequenced. In many of these PCR products, the sequence of the specific primer extended into flanking known and more distant unknown parts of the sequence. From the newly determined sequences further specific primers were designed and the strategy was repeated to enable amplification and analysis of further unknown parts of the sequence. The sequences of the 5h-terminal 65 nt and the 3h-terminal 29 nt were amplified by PCR after poly(dG) tailing of the cDNA to plus-strand RNA from immunocaptured virus particles and to minus-strand RNA from denatured dsRNA preparations, respectively. Before homopolymer tailing, cDNAs were trapped on streptavidin-coated magnetic beads via complementary In positions where different nucleotides were read from various clones, the nucleotide read most frequently is incorporated in the sequence and the other is listed above. The deduced amino acid sequences of the coding regions are shown below the nucleotide sequence. The region of a deletion (nt 1376-1511) which occurred in part of the population and the 3h-terminal 134 nt which have a high level of sequence identity with the 3h-terminal nucleotides of BSBV RNA 3 are underlined. The arrow marks the beginning of a region which, in addition, shows a high level of sequence identity with PMTV RNA 2. Bottom : scheme of the sequence showing the deletion (=), the coding regions and the location of the two short stretches of cloned cDNA which served as a basis for determining the entire sequence using the strategy outlined in Fig. 1 . 3h-biotinylated ' trapping ' oligonucleotides. By this means the minute amounts of cDNA could be concentrated and freed from contaminating deoxynucleoside triphosphates (R. Koenig, unpublished) .
To determine the entire nucleotide sequence of BSBV RNA 2 ( Fig. 2) we used 28 specific primers derived from known parts of the sequence and 19 random primers which had initiated cDNA synthesis at false priming sites in unknown parts of the sequence. In all, 46 overlapping cDNA clones were sequenced. Individual parts of the sequence were read from 2 to 14 different clones in both directions. For 23 positions (0n64 % of the total sequence) two different nucleotides were read from different clones. In these cases the nucleotide in the majority of the clones was incorporated into the sequence shown in Fig. 2 and the alternate reading is listed above. Some of the differences may be due to errors introduced by the DNA-synthesizing enzymes or the bacteria ; others may reflect natural variations.
Genetic organization of BSBV RNA 2 ; 5h-and 3h-UTRs
Two independent cDNA clones yielded the sequences GGUAAUUUUA.. and GGUAAUUUCA.., respectively for the 5h terminus of BSBV RNA 2. These sequences resemble those at the 5h termini of the RNAs of other definitive furoviruses which all start with GUA(U) n .. which is usually followed by a C residue, except in potato mop top virus (PMTV) RNA 3 where the C is replaced by an A (see Koenig et al., 1996) . BSBV RNA 3 (Koenig et al., 1996) and RNA 2 (this paper) are the only furoviral RNAs thus far which possess two (rather than one) G residues at the 5h-end. It is possible that the first G residue is an artefact due to incorporation of an EHB R. Koenig and others R. Koenig and others Fig. 3 . Sequence alignment of the 3h-terminal 134 nt of BSBV RNA 2 and 3 generated by the UWGCG program GAP (Devereux et al., 1984) and potential tRNA-like structure formed by the 3h-terminal 81 nt of RNA 2 generated on the basis of the program RNAdraw (Matzura & Wennborg, 1996) . Asterisks mark the possible anticodon for valine in the tRNA-like structure. Nucleotide changes between BSBV RNA 2 and 3 in the ascending parts of the stems of hairpins III and IV and stem S2 are compensated by corresponding changes in the respective descending parts (indicated by arrows in the upper part of the figure). For hairpin IV the compensating nucleotide exchanges indicated a folding which differs from that proposed in a previous paper (Koenig et al., 1996) .
additional C residue in the cDNA by reverse transcriptase in response to a 5h-cap structure (e.g. Bouzoubaa et al., 1987) . BSBV RNA 2 is unique among furoviral RNAs sequenced to date in that its first U residue is followed by two (rather than one) A residues (Fig. 2) . Except for the 5h-terminal 16 nt of which 12 or 13, respectively, are identical there seems to be no significant sequence identity between the 5h-UTRs of BSBV RNA 2 and 3. They both have a high U content of 33n5 % and 41n3 %, respectively.
The 5h-UTR of BSBV RNA 2 consists of 382 nt and is followed by a single large open reading frame (ORF) which is interrupted at nt 874 by an amber stop codon and then continues in-frame for an additional 2298 nt until it reaches an UAA stop codon at nt 3176. The sequence from AUG (nt 383) to the UAG stop codon has the coding capacity for a protein of 19 kDa consisting of 164 amino acids. The two codons (CAA) and (UCA) immediately 3h of the amber stop codon conform to the optimal leaky UAG context CAR-YYA EHC Fig. 4 . Comparison of the amino acid sequences of the CPs of furoviruses and other rod-shaped viruses based on initial alignments done with the UWGCG programs LINEUP and PILEUP (Devereux et al., 1984) . The sequence of the putative BSBV CP is highlighted by white letters on a black background. Amino acids in the CPs of other viruses which are identical to those of BSBV CP in the corresponding positions are highlighted in the same manner. Arrows indicate amino acids which are conserved in the CPs of all viruses. Percentage sequence identities and similarities were calculated by means of the UWGCG program GAP. The immunodominant epitope AEIRGERK in PMTV CP (Pereira et al., 1994) is underlined. Sequence data are from Manohar et al. (1993) ( Skuzeski et al., 1991) . Readthrough of the UAG stop codon would result in a protein of 926 amino acids (104 kDa). No further ORFs for peptides larger than 5 kDa were detected on the plus-strand of BSBV RNA 2. The 3h-UTR consists of 279 nt. A high level of sequence identity was found between the 3h-terminal 134 nt of BSBV RNA 2 and 3 (Fig. 3) and between the 3h-terminal 122 nt of these BSBV RNA and PMTV RNA 2 (Scott et al., 1994 ; Koenig et al., 1996) . The 3h-terminal 81 nt of BSBV RNA 2 and 3 (Koenig et al., 1996) have the potential to fold into a tRNA-like structure. Nucleotide changes between BSBV RNA 2 and 3 in the ascending parts of the stems of hairpins III and IV and stem S2 are compensated by corresponding changes in the respective descending parts (Fig. 3) .
The putative coat protein (CP)
The size of the putative 19 kDa protein (' 19K ') is identical to that determined for BSBV CP by Western blotting (R. Koenig, unpublished) . The deduced amino acid sequence of the 19K protein contains motif I (RF in the central part of the sequence) and motif II [R(X) $ E close to its C terminus], which are typical for the CPs of tubular viruses (Koonin & Dolia, 1993) ; it also contains a conserved tyrosine close to its N terminus (Shirako & Wilson, 1993) (Fig. 4 ). An alignment of the amino acid sequences of the putative CPs of furoviruses and of some other rod-shaped viruses, i.e. barley stripe mosaic hordeivirus and tobacco mosaic tobamovirus, reveals an especially high degree of amino acid identity (52 %) and similarity (72 %) for the CPs of BSBV and PMTV (Fig. 4) . Blocks of at least three amino acids which are identical to those in the corresponding positions of the putative BSBV CP, and increased percentages of identity (31 %) and similarity (53 %), are also found with the putative CP of soil-borne wheat mosaic furovirus (SBWMV) (Fig. 4) .
The high percentage of amino acid sequence identity in the putative BSBV and PMTV CPs was surprising, because the two viruses have been reported to be serologically unrelated (Ivanovic et al., 1983 ; Lesemann et al., 1989) . We have confirmed this lack of serological relationship in immunoelectron microscopical decoration tests. Neither BSBV nor PMTV particles reacted with the heterologous antiserum (data not shown).
EHD R. Koenig and others R. Koenig and others
indicates the ability of the 3'-end to fold into a tRNA-like structure. 
The putative CP-readthrough protein
Readthrough proteins which carry the putative viral CP on their N terminus have also been reported for two other definitive members of the furovirus group, PMTV (Kashiwazaki et al., 1995) and SBWMV (Shirako & Wilson, 1993) , and for beet necrotic yellow vein virus (BNYVV), which is a possible member of the group (Bouzoubaa et al., 1987) . N-and C-terminal portions of the BNYVV readthrough protein have been found to be essential for virus assembly (Schmitt et al., 1992 ; Haeberle! et al., 1994) and transmission by Polymyxa betae (Tamada & Kusume, 1991 ; Tamada et al., 1996) , respectively. With a calculated molecular mass of 104 kDa, the readthrough Fig. 6 . Maps of the RNA of the three definitive furoviruses which have been reported to encode a CP-readthrough protein. A high level of sequence similarity was found in the readthrough parts of the BSBV and PMTV readthrough proteins in regions A to C and in the readthrough parts of the BSBV and SBWMV readthrough proteins in regions D, E, F and G. UWGCG GAP analyses (Devereux et al., 1984) of these regions are shown in the lower part of the figure. Blocks of identical amino acids in regions D and E (underlined in the BSBV and SBWMV sequences in D and E and in the BSBV sequence in B) are usually not or only partially conserved in PMTV readthrough protein. Also, of the motif WL(X) 3 LLL identified by Kashiwazaki et al. (1995) in the readthrough proteins of SBWMV, BNYVV and PMTV (underlined in region B), only the W residue is conserved in the BSBV readthrough protein. Sequence similarities in the CP regions are shown in Fig. 4. protein of BSBV is larger than those of PMTV (67 kDa), SBWMV (84 kDa) and BNYVV (75 kDa) (Fig. 5) . Our isolate of BSBV apparently contained a deletion mutation because, with primer combinations encompassing nt 1376-1511, we usually obtained two PCR products. Sequence analysis revealed that, in the smaller PCR product, this region was missing. Since this is a frame-shift deletion, the coding region for the mutant readthrough protein would terminate prematurely at a UGA stop codon at position 1527. Naturally occurring deletions in the readthrough domain have also been observed for the readthrough proteins of BNYVV and SBWMV. They may lead to the loss of vector transmissibility (Tamada & Kusume, 1991) or an increase in symptom severity (Chen et al., 1994) .
Amino acid sequence identities were found in various parts of the readthrough regions of the putative readthrough proteins of BSBV and PMTV and, to a lesser extent, of SBWMV (Fig. 6) . Three large domains A, B and C (Fig. 6) , with a high percentage of amino acid sequence identity, and with blocks of at least five contiguous identical amino acids, were identified in the readthrough regions of the BSBV and PMTV readthrough proteins. No significant amino acid sequence identities were found in the regions between these three domains. The A domains are directly adjacent to the CP regions of the respective viruses. The B domains start 48 and 33 amino acids after the termination of the A domains in the BSBV and PMTV readthrough proteins, respectively. The broad hydrophobic region which has been identified in the readthrough regions of the SBWMV, BNYVV and PMTV readthrough proteins (Shirako & Wilson, 1993 ; Kashiwazaki et al., 1995) and which is also present in the BSBV readthrough protein, is contained in the N-terminal part of the B domain. The C domain forms the C terminus in the PMTV readthrough protein, but in the BSBV readthrough protein it is followed by an additional 49 amino acids. The region between readthrough protein domains B and C is much longer in the BSBV than in the PMTV (Fig. 6) .
Regions with a high percentage of amino acid sequence identity, and with blocks of at least three contiguous identical amino acids, were also found to relate the readthrough protein of BSBV to that of SBWMV. These regions, named D, E, F and G, are much shorter than the A, B and C domains in BSBV and PMTV readthrough proteins (Fig. 6) . The D and E regions are located within the B domains of the BSBV and PMTV readthrough proteins. However, there are no blocks of more EHE Beet soil-borne virus RNA 2 Beet soil-borne virus RNA 2 EHF R. Koenig and others R. Koenig and others than two contiguous identical amino acids common to the readthrough proteins of all three viruses. For instance, the SRRF block found in the D regions of the BSBV and SBWMV readthrough proteins (Fig. 6 , underlined in the D regions and, for BSBV in the B region) does not occur in the PMTV readthrough protein and, of the WL(X) $ LLL motif which has been identified by Kashiwazaki et al. (1995) in the broad hydrophobic regions of the PMTV, SBWMV and BNYVV readthrough proteins (Fig. 6 , underlined in the B region of PMTV), only the W residue is conserved in the BSBV readthrough protein. The F and G regions are shared only between the BSBV and SBWMV readthrough proteins.
No stretches of more than three identical amino acids were detected in the BSBV and BNYVV readthrough proteins. The KTER motif which has been reported to be important for the transmission of BNYVV by Polymyxa betae (Tamada et al., 1996) is absent from the BSBV readthrough region.
The BSBV readthrough protein like those of SBWMV and BNYVV (Shirako & Wilson, 1993) has a relatively high content of serine residues and of basic amino acids (especially lysine) in its C-terminal part (Fig. 2) . Out of the C-terminal 66 amino acids in the BSBV readthrough protein 14 are serine (five being contiguous) and 11 are basic amino acids (especially lysine). In the SBWMV readthrough protein, out of the C-terminal 66 amino acids, 16 are serine and 11 are basic amino acids. In the PMTV readthrough protein, which may lack 49 C-terminal amino acids present in BSBV readthrough protein (see above and Fig. 6 ), only 11 serine and 7 basic amino acids are found among the C-terminal 68 residues (Kashiwazaki et al., 1995) .
Discussion
The results of this and a previous paper (Koenig et al., 1996) indicate that, in its genome organization, BSBV resembles PMTV more than any other furovirus, despite striking differences which also exist. Both viruses apparently have tripartite genomes (Hutchinson et al., 1992 ; Kaufmann et al., 1992 ; Scott et al., 1994) . One of their two smaller RNAs carries a triple gene block which encodes proteins presumably involved in virus movement (Scott et al., 1994 ; Koenig et al., 1996) . The other contains the coding regions for the viral CP and a CP-readthrough protein but, in contrast to all other furoviral RNAs studied so far, no other gene(s) (Fig. 5) . A striking difference between BSBV and PMTV is that RNA 3 of the former virus resembles RNA 2 of the latter and vice versa. The main reason for this difference is the relatively small size of the CP-readthrough region in PMTV RNA 3. The fact that the readthrough regions of the two viruses have three domains with a high level of amino acid sequence identity and that two of them (A and B) are found in the N-terminal half of the BSBV readthrough region, whereas the third (C) is found close to its C terminus (Fig. 6) suggests that the T isolate of PMTV investigated by Kashiwazaki et al. (1995) may contain a large deletion between the coding regions for the B and the C domains. An additional explanation for the apparently small size of PMTV RNA 3 could be that its 3h-end, according to Kashiwazaki et al. (1995) , has possibly not been fully sequenced. This would explain why the 3h-end identified so far lacks the potential to fold into a tRNA-like structure, in contrast to the 3h-ends of PMTV RNA 2 and the RNAs of BSBV and SBWMV (Shirako & Wilson, 1993) (Fig. 5) . A further difference between BSBV and PMTV is that no gene for a cysteine-rich protein has been found on either BSBV RNA 2 or RNA 3. PMTV (Scott et al., 1994) , SBWMV (Shirako & Wilson, 1993) and BNYVV (Hehn et al., 1995) contain such a gene on their RNA 2. With peanut clump virus (PCV), however, it is found on RNA 1 together with the coding region for the putative viral replicase (Herzog et al., 1994) . It will be interesting to see whether a gene for a cysteine-rich protein can also be identified on BSBV RNA 1.
Sequence comparisons likewise indicate that BSBV is more closely related to PMTV than to any other furovirus analysed so far. Relatively high levels of identity are found in the sequences of the 3h-terminal 122 nt of BSBV RNA 2 and 3 and PMTV RNA 2 as well as in the deduced amino acid sequences in parts of the putative CPs, CP-readthrough proteins and triple gene block encoded proteins (this paper and Koenig et al., 1996) . The N terminus of PMTV CP is apparently 10 amino acids longer than that of BSBV CP (Fig. 4) . It is in this ' extra ' part of the PMTV CP sequence that Pereira et al. (1994) have identified the immunodominant epitope AEIRGERK (underlined in Fig. 4) . Also, most of the other epitopes identified by Pereira et al. (1994) on PMTV CP are absent, or only partially conserved in BSBV CP, with the exception of epitope 5 (LNVAQL) which lies in the broad conserved region between amino acids 132-144 of PMTV CP (121-133 of BSBV CP). This is the only PMTV epitope which, according to Pereira et al. (1994) , is located inside the virion facing the particle centre. These observations may explain why no serological relationships have been found between the particles of BSBV and PMTV.
